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The synthesis of [2]rotaxanes without polar functional
groups was achieved by protodesilylation of the corresponding
phenylene-bridged 1,12-disilacyclodocosanes in 20–30% isolat-
ed yields. The molecular structure of rotaxane 1a showed that
the wheel is not at the center of the rod but on a dimethylene
group of the dumbbell. By detailed NMR analyses, facile
shuttling of the wheel was found to control the geometry of
the dumbbells in the rotaxanes.

Rotaxanes which are interlocked molecular architectures
composed of a dumbbell-shaped component and one or more
macrocyclic components (wheels) encircling the rod of the
dumbbell (axle) have attracted much attention because of their
potential applications to molecular machines using control of
the motion of the wheels along the axle.1 Although a number
of rotaxanes have been synthesized to date, none of them are
parent hydrocarbon rotaxanes without heteroatoms. Among
three synthetic methods, statistical, directed, and template,1c

the latter two methods are the most popular for the synthesis
of rotaxanes. However, the methods utilize functional group
transformations and attractive interactions between wheel and
axle, and hence, the rotaxanes synthesized by these methods
inevitably contain polar functional groups. The statistic methods
using thermodynamic threading may be applied for the synthesis
of hydrocarbon rotaxanes but in despairingly low yields. Herein
we would like to report a silicon-based directed synthesis
of [2]rotaxanes composed of carbon, hydrogen, and silicon
atoms, and hence, without polar functional groups. Facile shut-
tling of the wheel was observed to control the axle conformation
in solution.

The syntheses of [2]rotaxanes 1a and 1b were achieved
by the selective cleavage of Si–C(Ar) bonds of prerotaxanes,
phenylene-bridged 1,12-disilacyclodocosanes 2a and 2b,2 using
triflic acid followed by the methylation of intermediary silyl tri-
flates with methylmagnesium bromide, as shown in Scheme 1.3

Rotaxanes 1a and 1b were obtained in 30% and 20% isolated
yields, respectively,4 together with the corresponding free
dumbbells 3a and 3b as minor side products.3,5

Rotaxanes 1a and 1b are thermally very stable; no dethread-
ing of the wheel from the dumbbell occurs up to 140 �C.

The molecular structure of rotaxane 1a determined by X-ray
crystallography is shown in Figure 1.6 Rotaxane 1a consists of a
simple disilacycloalkane wheel threading a stretched dumbbell-
shaped axle. In the solid state, the wheel is not at the center of
the axle but on a dimethylene group of the dumbbell.3

The NMR patterns of 1a and 1b are similar and highly
symmetric even at �50 �C,3 indicating that the wheel is mostly
localized on the central phenylene group or facilely shuttling
between two dimethylene stations in the dumbbell in solution.
The latter aspect is evidenced by the ROESY experiments of
rotaxanes 1a and 1b.3 The enhancement of signals of aromatic
protons a and d (Scheme 1) together with those of benzylic pro-
tons b and c was observed when CH2Si proton signals at ca.
0.5 ppm were irradiated. Increase of %NOE of these signals
with lowering temperatures implies the decrease of the shuttling
frequency with lowering temperature. The present view is com-
patible with the smaller steric bulk of the dimethylene moiety
than that of the phenylene group.

The 1HNMR spectrum of rotaxane 1a is compared with that
of the corresponding free dumbbell 3a in Figure 2. The spectral
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Figure 1. Molecular structure of 1a. Thermal ellipsoids are
drawn at the 50% probability level. One of the two crystallo-
graphically independent molecules that exist with similar geo-
metrical parameters in an asymmetric unit is shown. Selected
dihedral angles (�): C2–C7–C8–C9 171.5(2); C5–C27–C28–
C29 172.8(2).
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pattern of the axle in 1a is significantly different from that of 3a;
the deshielding of protons a� d of 1a and the difference in the
coupling patterns of dimethylene protons (b and c) between 1a
and 3a are remarkable. Apparently, the axle in the rotaxane feels
the existence of the wheel, and the geometry of the axle in the
rotaxane is modified by the steric effects of the wheel.7

To further elucidate the difference of rotational conforma-
tion around dimethylene C–C bonds between 1a and 3a, the
coupling patterns for AA0BB0 spin systems of –CHAHB–
CHA0

HB0
– moieties at 303K are analyzed by spectral simula-

tion.3 The proton labeling scheme is shown in Figure 3. The
observed spectral pattern of rotaxane 1a is reproduced using
�A and �B of 3.089 and 3.161, germinal couplings JAA0

(¼JBB0 ) of �14:00Hz, and vicinal couplings JAB (¼JA0B0) and
JAB0 (¼JA0B) of 5.00 and 11.90Hz and for dumbbell 3a, the
parameters are �A, 3.008; �B, 3.049; JAB (¼JA0B0), �14:00Hz;
JAB (¼JA0B0), 6.00; JAB0 (¼JA0B), 9.80.

It is expected according to the Karplus equation that the JAB
decreases and the JAB0 increases with increasing the population
of anti conformation (A) among three conformations A, G, and
G0 shown in Figure 3. The difference in the coupling patterns
observed between 1a and 3a is in accord with the population
of conformer A in 1a is much larger than that for 3a.8 The
dumbbell geometry in 1a is suggested to be more stretched as
an average than that in 3a owing to the steric effects of the wheel
shuttling in 1a. In other words, dynamic steric effects due to the
rapid one-dimensional Brownian motion1i of the wheel
regulates the slower conformational change of the axle.7,9
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Figure 2. 1HNMR spectral characteristics of (a) rotaxane 1a
and (b) dumbbell 3a at 600MHz, rt; All signals were assigned
with the assistance of 2DNMR, HMBC, and HMQC experi-
ments. Labeling of protons is given in Scheme 1.
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Figure 3. Newman projection of three conformers around a
dimethylene C–C bond of the dumbbell in 1a and 3a with
labeling scheme for the four protons.
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